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Separating Dijet Resonances
Using the Color Discriminant Variable
E. H. Simmons#∗, R. S. Chivukula, P. Ittisamai, and N. Vignaroli
Department of Physics and Astronomy, Michigan State University,
East Lansing, MI, 48825, USA
#E-mail: esimmons@msu.edu
Color-singlet and color-octet vector bosons predicted in theories beyond the Standard
Model have the potential to be discovered as dijet resonances at the LHC. A color-singlet
resonance that has leptophobic couplings needs further investigation to be distinguished
from a color-octet one. In previous work, we introduced a method for discriminating be-
tween the two kinds of resonances when their couplings are flavor-universal, using mea-
surements of the dijet resonance mass, total decay width and production cross-section.
Here, we describe two extensions of that work. First, we broaden the method to the
case where the vector resonances have flavor non-universal couplings, by incorporating
measurements of the heavy-flavor decays of the resonance. Second, we apply the method
to separating vector bosons from color-octet scalars and excited quarks.
Keywords: Extended strong interactions, Experimental tests, BSM physics.
1. Introduction
There have been many collider searches for Beyond-the-Standard-Model resonances
decaying to dijet final states. The current LHC run will be able to detect such
resonances out to larger masses. The question that we are pursuing in this talk is:
once a new dijet resonance has been discovered, what can we deduce about it using
information readily available after the discovery?
In previous work1, we introduced a way to distinguish whether a vector reso-
nance is a leptophobic Z ′ or a coloron, using a construct that we called a “color
discriminant variable”, Dcol. The variable is constructed from the dijet cross-section
for the resonance (σjj), its mass (M), and its total decay width (Γ), observables
that will be available from the dijet channel measurements of the resonance:
Dcol ≡ M
3
Γ
σjj , (1)
For a narrow-width resonance, the color discriminant variable is independent of
the resonance’s overall coupling strength. We also illustrated applications of the
color discriminant variable technique for two simple cases1. The first was a flavor
universal model with identical couplings to all quarks. In the second, the overall
strength of couplings to quarks in the third generation was allowed to be different
∗Dr. Simmons presented this talk at SCGT15.
ar
X
iv
:1
50
7.
05
86
8v
1 
 [h
ep
-p
h]
  2
1 J
ul 
20
15
September 28, 2018 15:58 WSPC Proceedings - 9.75in x 6.5in EHS-Nagoya-SCGT-proceedings-2015-7-17 page 2
2
from those in the first two (couplings to top and bottom were kept equal). While
these two scenarios clearly illustrate the application of the method, they did not
encompass the features of a typical Z ′, whose up- and down-type couplings are
usually also different from one another.
In this talk we extend the Dcol method to more general scenarios where couplings
to quarks within the same generation (e.g., up vs. down, left-handed vs right-
handed) are different2. We also show that the method may be used to distinguish
among resonances decaying to qq¯ (colored vector boson), qg (excited quark) or gg
(color-octet scalar) final states3.
2. Vector Resonances: General Parameterization and Assumptions
A coloron (C) or a Z ′ that manifests as a dijet resonance is produced at hadron
colliders via quark-antiquark annihilation. The interaction of a C with the SM
quarks qi is described by
LC = igQCDCaµ
∑
i=u,d,c,s,t,b
q¯iγ
µta
(
giCLPL + g
i
CRPR
)
qi, (2)
where ta is an SU(3) generator, giCL and g
i
CR
denote left and right chiral coupling
strengths, relative to the strong coupling gQCD, of the color-octet to the SM quarks.
The projection operators have the form PL,R = (1∓γ5)/2 and the quark flavor index
i runs over i = u, d, c, s, t, b. Similarly, the interactions of a leptophobic Z ′ with the
SM quarks are given by
LZ′ = igwZ ′µ
∑
i=u,d,c,s,t,b
q¯iγ
µ
(
giZ′LPL + g
i
Z′RPR
)
qi, (3)
where giZ′L and g
i
Z′R denote left and right chiral coupling strengths of the leptopho-
bic Z ′ to the SM quarks relative to the weak coupling gw = e/ sin θW .
Couplings between the vector boson and the left- and right-handed forms of the
up- and down-type fermions need not be equal in general – and the couplings can
generally be different among the three generations of quarks. However, the observed
suppressions of flavor-changing neutral currents disfavor a TeV-scale resonance with
non-universal couplings to the first two generations4; we therefore study only sce-
narios in which the couplings for the first two generations are identical. With this
in mind, a coloron would have six free parameters describing its couplings to quarks
of different flavors, generations, and chiralities, while a leptophobic Z ′ boson would
have eight. However, the observables of interest to us (width, mass, dijet cross-
section) are insensitive to the chiral structure of the couplings. So we may denote
gq2 ≡ gq2L + gq2R (4)
and conclude that there are only four relevant quark couplings for a coloron or Z ′:
gu 2C = g
c 2
C , g
d 2
C = g
s 2
C , g
t 2
C , g
b 2
C (5)
gu 2Z′ = g
c 2
Z′ , g
d 2
Z′ = g
s 2
Z′ , g
t 2
Z′ , g
b 2
Z′ . (6)
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Finally, in discussing a dijet cross section (σ(pp→ V → jj)), we classify quarks
from the first two generations as those yielding final-state jets: j = u, d, c, s. The
cross sections involving decays to tt¯ and bb¯ final states (respectively, σtt ≡ σ(pp→
V → tt¯) and σbb ≡ σ(pp→ V → bb¯)) will provide separate and valuable information.
3. The Color Discriminant Variable
3.1. Review of the flavor universal scenario
We first review the color discriminant variable in a flavor-universal scenario. We
work in the limit (Γ/M  1) where the narrow-width approximation applies
σVjj ≡ σ(pp→ V → jj) ' σ(pp→ V )Br(V → jj), (7)
where σ(pp → V ) is the cross section for producing the resonance. Note that
Br(V → jj) is the boson’s dijet branching fraction, which equals 4/6 for a flavor
universal vector resonance that is heavy enough to decay to top quarks. In this
limit, the total decay width for a heavy coloron or a Z ′ is
ΓC =
αs
2
MCg
2
C , ΓZ′ = 3αwMZ′g
2
Z′ , (8)
where g2C/Z′ =
(
g2C/Z′L
+ g2C/Z′R
)
denotes the flavor-universal coupling of the res-
onance to quarks. These, respectively, lead to the dijet cross sections:
σCjj =
8
9
ΓC
M3C
∑
q
Wq(MC)Br(C → jj), σZ′jj =
1
9
ΓZ′
M3Z′
∑
q
Wq(MZ′)Br(Z
′ → jj) .
(9)
Here the function Wq, which is constructed from the parton luminosity for the
production of the vector resonance with mass MV via qq¯ annihilation at the center-
of-mass energy squared s, is defined by
Wq(MV ) = 2pi
2M
2
V
s
∫ 1
M2V /s
dx
x
[
fq
(
x, µ2F
)
fq¯
(
M2V
sx
, µ2F
)
+ fq¯
(
x, µ2F
)
fq
(
M2V
sx
, µ2F
)]
,
(10)
where fq
(
x, µ2F
)
is the parton distribution function at the factorization scale µ2F .
Throughout this article, we set µ2F = M
2
V .
The color discriminant variables are then
DCcol =
M3C
ΓC
σCjj =
8
9
[∑
q
Wq(MC)Br(C → jj)
]
(11)
DZ
′
col =
M3Z′
ΓZ′
σZ
′
jj =
1
9
[∑
q
Wq(MZ′)Br(Z
′ → jj)
]
(12)
for the coloron and Z ′, respectively. The factors in the square brackets in (11) and
(12) are the same for flavor-universal resonances having a particular mass; only
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the initial numerical factors differ. In other words, the different values of the color
discriminant variables for the the two types of flavor-universal resonance
DCcol = 8D
Z′
col (13)
will help pinpoint the nature of the color structure of the discovered particle.
3.2. Flavor non-universal scenario
In a flavor non-universal scenario, we still follow the parameterization and assump-
tions introduced above. The production cross section and decay width for the
coloron and Z ′ are discussed in detail in Ref.2. Combining them with the mass
yields the color discriminant variables for the coloron,
DCcol =
16
3
(Wu +Wc)
[
gu 2C
gu 2C + g
d 2
C
+
(
1− g
u 2
C
gu 2C + g
d 2
C
)(
Wd +Ws
Wu +Wc
)
+
gb 2C
gu 2C + g
d 2
C
(
Wb
Wu +Wc
)]
×
 2(2 + gt 2C
gu 2C +g
d 2
C
+
gb 2C
gu 2C +g
d 2
C
)2
 (14)
and for the Z ′,
DZ
′
col =
2
3
(Wu +Wc)
[
gu 2Z′
gu 2Z′ + g
d 2
Z′
+
(
1− g
u 2
Z′
gu 2Z′ + g
d 2
Z′
)(
Wd +Ws
Wu +Wc
)
+
gb 2Z′
gu 2Z′ + g
d 2
Z′
(
Wb
Wu +Wc
)]
×
 2(2 + gt 2Z′
gu 2
Z′ +g
d 2
Z′
+
gb 2
Z′
gu 2
Z′ +g
d 2
Z′
)2
 (15)
where parts related to resonance production are grouped within the square brackets,
while those related to decay are grouped within curly braces.
The relative strength with which the vector boson couples to the u- and d-type
quarks of the light SM generations, g2u/
(
g2u + g
2
d
)
, which we call the “up ratio”, is
not accessible by experiments available in the dijet channel. However, equivalent
information for quarks in the third generation can be measured by comparing the
dijet and heavy flavor cross sections. As detailed in Ref.2, we have
g2t
g2u + g
2
d
= 2
σVtt¯
σVjj
≡ “top ratio′′ g
2
b
g2u + g
2
d
= 2
σV
bb¯
σVjj
,≡ “bottom ratio′′ . (16)
Supplementary measurements of these ratios of cross sections will help pinpoint the
structure of couplings of the resonance.
Two items are worth noting at this point: First, as detailed in Ref.2, unless the
resonance has a much stronger coupling to the b than to quarks in first two gen-
erations, the precise strength of the couplings to third-generation quarks becomes
relevant to Dcol only through the decay part of the expressions (14) and (15), the
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part in curly braces. Second, as we will demonstrate below, the experimentally in-
accessible parameter that we call the up ratio appears unlikely to leave us confused
as to whether a new dijet resonance is a coloron or a leptophobic Z ′.
4. Accessible Vector Boson Parameter Space at the 14 TeV LHC
We now find the region of parameter space in which Dcol can distinguish vector
bosons of different color representations. In this region the resonance has not already
been excluded by the current searches, is within the reach of future searches, and
has a total width that is measurable and consistent with the designation “narrow”.
The limits on the production cross section times branching ratio (σ × Br(jj))
from the (null) ATLAS and CMS5–7 at
√
s = 8 TeV searches for narrow resonances
establish bounds on dijet resonances. We use the most stringent constraint, from
CMS7. As the exclusion limit is provided as σ×Br(jj)×(Acceptance), we estimate
the acceptance for each value of the resonance mass by comparing, within the same
theoretical model, σ × Br(jj) as calculated by us vs. σ × Br(jj) × (Acceptance)
provided by CMS. The acceptance is a characteristic of properties of the detector
and kinematics, the latter being the same for coloron and Z ′ to leading order; thus
we use throughout our analysis the acceptance deduced from such a comparison
made within a sequential Z ′ model. The excluded region of parameter space is
displayed in gray in Fig. 1.
Sensitivity to a dijet resonance in future LHC experiments with
√
s = 14 TeV
depends on the knowledge of QCD backgrounds, the measurements of dijet mass
distributions, and statistical and systematic uncertainties. CMS 8 has estimated
the limits on σ × Br(jj) × (Acceptance) that will be required in order to attain
a 5σ discovery at CMS with integrated luminosities up to 10 fb−1, including both
statistical and systematic uncertainties. We obtain the acceptance for CMS at√
s = 14 TeV as described above. The sensitivity for the dijet discovery from
10 fb−1 is then scaled to the integrated luminosities L = 30, 100, 300, 1000 fb−1.
The predicted discovery reaches for these luminosities are shown in varying shades
of blues for coloron and greens for Z ′ in Fig. 1.
The total decay width also constrains the absolute values of the coupling con-
stants. On the one hand, experimental searches are designed for narrow-width dijet
resonances: Γ/M < 0.15 9–11. On the other, widths smaller than the experimental
dijet mass resolution, Mres, cannot be measured. The region of parameter space
that meets both constraints and is relevant to our analysis is shown in Fig. 1 as the
region between the two dashed horizontal curves labeled Γ ≥ 0.15M and Γ ≤Mres.
Regions where the width is too broad or too narrow are shown with a cloudy overlay
to indicate that they are not accessible via our analysis.
5. Applying Dcol to Flavor-non-universal Vector Bosons
We now illustrate how the color discriminant variable Dcol can distinguish whether
a dijet resonance is a coloron or a leptophobic Z ′ even if it is flavor non-universal.
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Fig. 1. Parameter space for colorons (upper row) and Z′ bosons (lower row) where the color
discriminant variable analysis applies at the LHC-14, for different sets of coupling ratios, ρq ≡
g2q/[g
2
u + g
2
d]; for a wider array of coupling ratios, see Ref.
2. The 5σ discovery reach, with statistical
and systematic uncertainties included, is shown in varying shades of blue (green) for luminosities
ranging from 30 fb−1 to 1000 fb−1. The red area marked “no reach” lies beyond the discovery
reach at 1000 fb−1 The gray area marked “excluded” has been excluded7 by LHC-8. Above the
dashed line marked Γ ≥ 0.15M , the narrow-width approximation is not valid. Below the horizontal
dashed line marked Γ ≤Mres, the experimental mass resolution is larger than the intrinsic width.
In each figure, for fixed ρq , Dcol is a function of resonance mass only, with values shown along the
upper horizontal axis. The contours marked 20% and 50% indicate the region above which the
uncertainty in measuring Dcol, as estimated in Ref.
2, is lower than 20% and 50%, respectively.
5.1. C and Z′ lie in different regions of coupling ratio space
The value of Dcol at a fixed mass and dijet cross section may correspond to a variety
of combinations of values of the three ratios of couplings, the up ratio (
g2u
g2u+g
2
d
),
the top ratio (
g2t
g2u+g
2
d
), and the bottom ratio (
g2b
g2u+g
2
d
). The last two are directly
determined from the measurements of σtt¯ and σbb¯ while Dcol is relatively insensitive
to the first ratio. We now show that measuring the mass, width, dijet cross-section,
σtt¯ and σbb¯ can definitively identify the color charge of a newly discovered resonance.
We focus on resonances of mass 3 TeV and 4 TeV, as we have seen in Fig. 1 that
most colorons with lower masses are excluded by the current experiments and most
Z ′ bosons with higher masses are not within reach of 1000 fb−1 of LHC data.
In Fig. 2, we show the region of parameter space of the three coupling ratios
(using the observables σtt¯σjj and
σbb¯
σjj
in place of the top and bottom ratios, respec-
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tively) in which coloron or Z ′ models (each displayed as a point) with the same
mass lead to a certain range of dijet cross-section and Dcol. We choose the range
for the dijet cross-section to be within 1 standard deviation of the value that allows
a 5σ discovery at luminosity 1000 fb−1. We selected Dcol to be within 50% of the
value 3 × 10−3 for this illustration, as it permits the required measurements to be
made for either a coloron or Z ′. Points in the accessible area of parameter space
are highlighted in blue if the discoverable resonance is a C and in green if it is a Z ′.
These points lie in the blue (green) regions of Fig. 1 for a coloron (Z ′).
The 3-dimensional plots in the left panel of Fig. 2 show that colorons and lepto-
phobic Z ′ which correspond to measurable observables appear in different regions
of σtt¯σjj vs
σbb¯
σjj
vs
g2u
g2u+g
2
d
three-dimensional parameter space. The symmetry between
the σtt¯σjj and
σbb¯
σjj
axes illustrates the rarity of having a heavy resonance produced via
bb¯ annihilation - the only process in which b quarks could contribute to Dcol with-
out a corresponding contribution from t quarks. In addition, we see that while the
up ratio is experimentally inaccessible, the top-view figures displayed in the right
panels show that this does not typically lead to confusion between a coloron and a
Z ′. Even having projected the 3D data for all up ratio values onto the bottom-ratio
vs. top-ratio plane, the blue coloron and green Z ′ points still lie in distinct regions.
5.2. Heavy flavor measurements can separate C from Z′
Fig. 2 not only shows that the coloron and Z ′ lie in different regions of parameter
space, but also implies that measurements of the top and bottom decays of the
new resonance will almost always enable us to determine its color structure. Let us
assume that a new resonance has been found and that its mass, dijet cross-section,
and Dcol have been measured. For illustration, take the values of these observables
to be those used in Fig. 2 (for the same LHC energy, luminosity and estimated
uncertainties). Because there is a gap between the Z ′ and C regions of that figure
when the up ratio is 0, and because the boundaries of the regions are angled rather
than vertical, we can see that a Z ′ with the minimum up ratio value of 0 would not
be mistaken for a coloron. But a Z ′ with the maximum up ratio (equal to 1) lies as
close as possible to the coloron region of parameter space. So, to see how close the
two regions can get, we should compare a Z ′ with an up ratio of 1 (one that does
not couple to d or s quarks) to a coloron with varying values of the up ratio.
This very comparison is presented in Fig. 3, which is plotted in the top-ratio vs
bottom-ratio plane. The up ratio for the Z ′ is fixed to be 1; the up ratio for the
C is varied from 0 (left panels) to 1 (right panels). As the up ratio for the coloron
increases, the blue coloron band of parameter space moves out from the origin, away
from the green Z ′ band of parameter space. Conversely, if we decreased the up ratio
of the Z ′ boson, the green Z ′ band would shift closer to the origin, away from the
blue coloron band. In general, the coloron and Z ′ regions do not overlap.
Given the shape and orientation of the regions corresponding to color-singlet and
color-octet resonances in the plots, measuring both the top ratio and bottom ratio
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Fig. 2. Illustration that the proposed measurements suffice to identify the color structure of a
new dijet resonance. These plots show regions of the 3-d parameter space
g2u
g2u+g
2
d
vs.
σtt¯
σjj
vs.
σbb¯
σjj
,
at fixed values of mass (3 TeV on the top panels and 4 TeV on the bottom panels) where dijet
cross section and Dcol fall within a certain range. The cross section lies within about 35% of the
value required for a 5σ discovery at the LHC with
√
s = 14 TeV at L = 1000 fb−1. Similarly,
Dcol is chosen to lie within ±50% of 3× 10−3 for illustration. Points in parameter space that are
accessible to the LHC are circles highlighted in blue for C and triangles highlighted in green for
Z′. Each plot on the left panel is shown again, as viewed from above, on the right. The two views
make clear that colorons and Z’ bosons lie in distinguishably separate regions of parameter space.
would clearly allow us to distinguish the new resonance’s color structure. Moreover,
we see that if either the top ratio or bottom ratio were measured to be sufficiently
large, we would know that the resonance must be a coloron (because the Z ′ region
is already at its maximum distance from the origin). For example, a measurement
of σtt¯/σjj ' 6 for a 3 TeV resonance or σtt¯/σjj ' 3 for a 4 TeV resonance, for the
September 28, 2018 15:58 WSPC Proceedings - 9.75in x 6.5in EHS-Nagoya-SCGT-proceedings-2015-7-17 page 9
9
values of σjj used in Fig. 3, would identify it as a color-octet.
There could still be a rare situation where our inability to measure the up
ratio would prevent us from determining the color structure of a new resonance.
The regions of parameter space corresponding to the extreme cases of a coloron
with only down-type light quark couplings and a Z ′ with only up-type light quark
couplings could potentially overlap. As discussed in Ref.2, this is more likely to
happen for heavier resonances.. For example, given our estimates of uncertainties,
such an overlap could potentially occur for a 4 TeV resonance as illustrated by the
close approach of the Z ′ and coloron bands in the lower left panel of Fig. 3.
Determining the color structure of a resonance generally requires measurements
of both σtt¯ and σbb¯. As with the dijet cross sections, systematic uncertainties for
these measurements will be obtained after the experiment (at 14 TeV) has started.
Our results illustrate2 that measuring the tt¯ and bb¯ cross sections to an uncertainty
of O(1) would still provide significant information.
6. Using Dcol to Separate Vectors, Scalars, and Fermions
We now report on work3 using the color discriminant variable to compare reso-
nances that decay to q¯q, qg, and gg final states. We consider three compelling
benchmark scenarios to describe the different di-jet resonances: the flavor universal
coloron model12,13 for q¯q resonances, the excited quark model of Ref.14,15 for qg
resonances and the general parameterization in16 of color-octet scalar interactions
for gg resonances. All of the results are shown in the relevant mass-coupling param-
eter space that is both not excluded by the 8 TeV LHC analyses6,7,17 and conducive
to a 5σ discovery of the resonance in the di-jet channel at the 14 TeV LHC. The
LHC-8 excluded regions are extracted from the ATLAS17 and CMS6,7 searches; the
LHC-14 discovery reach is evaluated based on Monte Carlo simulations.
6.1. Benchmark Models
Let us review the essential features of our three benchmark models. The flavor
universal coloron model was described above. The other two will be sketched here.
6.1.1. Excited quarks (q∗)
Quark-gluon resonances are a general prediction of composite models with excited
quarks14,15. We will focus on the phenomenological model of14, which describes an
electroweak doublet of excited color-triplet vector-like quarks q∗ = (u∗, d∗) coupled
to first-generation ordinary quarks. In this model, right-handed excited quarks
interact with gauge bosons and ordinary (left-handed) quarks through magnetic
moment interactions described by the effective Lagrangian:
Lint = 1
2Λ
q¯∗Rσ
µν
[
gSfS
λa
2
Gaµν + gf
τ
2
·Wµν + g′f ′ Y
2
Bµν
]
qL + H.c. (17)
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Fig. 3. Measuring σtt¯ and σbb¯ will show whether a resonance of a given mass, dijet cross-section,
and Dcol is a coloron or Z
′. We display regions of parameter space corresponding to a dijet cross
section within 1σ uncertainty of the value required for a discovery at the LHC with
√
s = 14 TeV
at L = 1000 fb−1, and that have the color discriminant variable within a range of 50% around
the value of Dcol = 3 × 10−3, for resonances with masses 3 TeV (top panel) and 4 TeV (bottom
panel). Coloron and Z′ models within reach are, respectively, displayed in a blue region and a
diagonally-hatched green region. The colorons and Z′ bosons lie in different regions of parameter
space. However, at the bottom left panel for a 4 TeV resonance, the bands for a C coupling only
to down-type light quarks and a Z′ coupling only to up-type light quarks approach closely.
The excited quarks can decay into qg or into a quark plus a gauge boson. The
corresponding decay rates are:
Γ(q∗ → qg) = 1
3
αSf
2
S
m3q∗
Λ2
Γ(q∗ → qγ) = 1
4
αf2γ
m3q∗
Λ2
Γ(q∗ → qV )) = 1
8
g2V
4pi
f2V
m3q∗
Λ2
[
1− m
2
V
m2q∗
]2 [
2 +
m2V
m2q∗
] (18)
with V = W,Z and with the definitions
fγ = fT3 + f
′Y
2
fZ = fT3 cos
2 θW − f ′Y
2
sin2 θW fW =
f√
2
. (19)
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The q∗ → qg branching ratio is about 0.8 for fS = f = f ′.
Excited quarks are singly produced at the LHC through quark-gluon annihilation
and, as just noted, they dominantly decay into qg. For our analysis, we choose the
benchmark parameters Λ = mq∗ and fS = f = f
′, while allowing the overall
coupling strength to vary. By way of comparison, recent LHC searches, CMS6,7
and ATLAS17 have used the same value of Λ with fS = f = f
′ = 1.
6.1.2. Color-octet scalars (S8)
A gluon-gluon final state can generally arise from decay of colored scalars in mod-
els with extended color gauge structures18–22. In this work we adopt the general
effective interaction for a color octet scalar, S8, introduced in
16:
LS8 = gSdABC
kS
ΛS
SA8 G
B
µνG
C,µν , (20)
where d is the QCD totally symmetric tensor.
A colored scalar of this kind is singly-produced at the LHC through gluon-gluon
annihilation. We consider the case in which it decays entirely (or almost entirely)
into gluons. The corresponding decay rate reads:
Γ(S8) =
5
3
αS
k2S
Λ2S
m3S8 . (21)
We set ΛS = mS8 and we present results for different couplings kS . Similarly,
CMS6,7 and ATLAS17 present searches for ΛS = mS8 and kS = 1.
6.2. LHC Discovery Reach
For each type of dijet resonance, we have derived3 the relevant mass and coupling
parameter space for our analysis, namely the region that is not yet excluded by
LHC-8 analyses and in which a 5σ discovery will be possible at the 14 TeV LHC.
Fig. 4 summarizes our estimates of the 5σ reach at the 14 TeV LHC in the mass-
vs.-coupling plane for colorons, excited quarks, and scalar-octets, for integrated
luminosities of 30 – 3000 fb−1. The discovery reach we find for the coloron is very
similar to those already derived in23,24 and in1.
Within each pane of Fig. 4, we may identify a “region of interest” where a reso-
nance of a given mass and coupling is not excluded by LHC (i.e., is not in the blue
region at left), is relatively narrow (lies below the horizontal dashed curve) and
would be detectable at LHC-14 at the indicated luminosity (is within the central
light-grey region). The portion of this region of interest that lies above the hori-
zontal dotted curve is accessible to coloron discriminant variable analysis, while the
area below the dotted curve region is also accessible to jet energy profile analysis3.
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Fig. 4. In each pane from left to right: regions of parameter space excluded by LHC-8
(blue), accessible to LHC-14 (pale grey), or inaccessible at LHC-14 (pink). Thick colored
curves show the 5σ reach at luminosities from 30 – 3000 fb−1. Above the upper dashed
line, the resonance is too broad to detect (Γ = 0.15M); below the lower dotted line it is
narrower than the experimental resolution (Γ ≤Mres), where Mres = 0.035M 7.
6.3. The Color Discriminant Variable
We have evaluated the value of Dcol for our benchmark di-jet resonances – flavor
universal colorons, excited quarks and scalar octets, in the allowed and accessible
range of resonance masses. The dependence of Dcol on the di-jet mass is controlled
by the parton distribution functions (PDFs), since the quark and gluon parton
content vary with the energy scale of the di-jet process. We calculate the di-jet
resonance production cross section by using the CT1025 next-to-leading-order PDF
set with factorization and renormalization scales fixed at the resonance mass value.
The measurement of Dcol at the LHC is affected by the statistical and systematic
uncertainties on measurements of the di-jet cross section, the resonance mass and
the resonance width. Furthermore, Dcol is only experimentally accessible if the
mass resolution of the detector is less than the intrinsic width of the resonance.
Our analysis3 has fully included these uncertainties.
Fig. 5 shows the log10Dcol values, including the statistical and systematic un-
certainties, for the three types of di-jet resonances q∗, C, S8, as a function of the
di-jet resonance mass at the 14 TeV LHC for different integrated luminosities. We
observe that an excited quark resonance can be efficiently distinguished from either
a coloron or a scalar octet resonance by the color discriminant variable at the 14
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TeV LHC. Discriminating between colorons and scalar octets using the color dis-
criminant variable is more challenging, but we find it should be possible to establish
a separation which ranges from ∼ 2σ at M ' 4 TeV to ∼ 3σ at M ' 6 TeV.
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Fig. 5. Each pane shows log10Dcol for flavor universal colorons (C), excited quarks (q
∗)
and scalar octets (S8) as a function of the dijet resonance mass at the 14 TeV LHC with
a particular integrated luminosity. The outer (inner) grey (light grey) bands represent the
±1-sigma statistical plus systematic uncertainty on log10Dcol when the resonance width
is narrow (broad): Γ = Mres (Γ = 0.15M). The colored bands [red for q∗, blue for (C),
green for (S8)] show the log10Dcol ± 1σ values obtained in the region of parameter space
where the resonance is allowed by LHC-8 analyses, is neither too broad nor too narrow,
and is amenable to discovery at LHC-14.
7. Discussion
If the LHC discovers a new dijet resonance, the color discriminant variable can help
identify what has been found. The variable Dcol is constructed from measurements
available directly after discovery: namely, the resonance’s mass, its total decay
width, and its dijet cross section. This talk has reviewed recent results that apply
the color discriminant variable to two new situations: (a) distinguishing between
color-singlet and color-octet vector bosons whose couplings to quarks are not flavor-
universal and (b) telling apart vector bosons, colored scalars, and excited quarks.
The first analysis assumes the new resonance couples identically to quarks of
the first two generations, in which case Dcol depends on three model-specific ratios
of coupling constants: the up ratio (g2u/[g
2
u + g
2
d]), the top ratio (g
2
t /[g
2
u + g
2
d]), and
the bottom ratio (g2b/[g
2
u + g
2
d]). We find the method is generally not dependent on
knowing the up ratio, a quantity which is not presently accessible to experiment.
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Since Dcol is insensitive to chiral structure, discriminating between color-singlet
and color-octet resonances with flavor non-universal couplings requires only mea-
surements of the tt¯ and bb¯ resonance cross sections.
The second analysis shows that an excited quark can be cleanly distinguished
from either a coloron or a color-octet scalar by the color discriminant variable at
the 14 TeV LHC. Establishing the distinction between colorons and color-octet
scalars using the color discriminant variable is more challenging, but we still find
the possibility of a ∼ 2(3)σ separation for resonance masses of order 4(6) TeV.
To summarize: we have generalized the color discriminant variable for use in
determining the color structure of new bosons that may have flavor non-universal
couplings to quarks or for comparing qq¯, qg and gg dijet resonances. . We focused
on resonances having masses 2.5− 6.0 TeV for the LHC with center-of-mass energy√
s = 14 TeV and integrated luminosities up to 1000, fb−1. After taking into ac-
count the relevant uncertainties and exclusion limits from current experiment and
sensitivity for future experiments, we find that the future runs of the LHC can
reliably determine the color structure of a resonance decaying to the dijets.
Acknowledgments
This material is based upon work supported by the National Science Foundation un-
der Grant No. PHY-0854889. We wish to acknowledge the support of the Michigan
State University High Performance Computing Center and the Institute for Cyber
Enabled Research. PI is supported by Development and Promotion of Science and
Technology Talents Project (DPST), Thailand. EHS and RSC thank the Kobayashi
Maskawa Institute for the Origins of Particles and the Universe for hospitality dur-
ing the SGT15, and also thank the Aspen Center for Physics and the NSF Grant
#1066293 for hospitality during the writing of this Proceedings.
References
1. A. Atre, R. S. Chivukula, P. Ittisamai and E. H. Simmons, Distinguishing Color-
Octet and Color-Singlet Resonances at the Large Hadron Collider, Phys.Rev.
D88, p. 055021 (2013).
2. R. Sekhar Chivukula, P. Ittisamai and E. H. Simmons, Distinguishing flavor
nonuniversal colorons from Z bosons at the LHC, Phys. Rev. D91, p. 055021
(2015).
3. R. Sekhar Chivukula, E. H. Simmons and N. Vignaroli, Distinguishing dijet
resonances at the LHC, Phys. Rev. D91, p. 055019 (2015).
4. M. Bona et al., Model-independent constraints on ∆F = 2 operators and the
scale of new physics, JHEP 0803, p. 049 (2008).
5. G. Aad et al., ATLAS search for new phenomena in dijet mass and angular
distributions using pp collisions at
√
s = 7 TeV, JHEP 1301, p. 029 (2013).
6. S. Chatrchyan et al., Search for narrow resonances using the dijet mass spec-
trum in pp collisions at sqrt(s) = 8 TeV (2013).
September 28, 2018 15:58 WSPC Proceedings - 9.75in x 6.5in EHS-Nagoya-SCGT-proceedings-2015-7-17 page 15
15
7. Search for Narrow Resonances using the Dijet Mass Spectrum with 19.6fb-1
of pp Collisions at sqrts=8 TeV, Tech. Rep. CMS-PAS-EXO-12-059, CERN
(Geneva, 2013).
8. K. Gumus, N. Akchurin, S. Esen and R. M. Harris, CMS Sensitivity to Dijet
Resonances, Tech. Rep. CMS-NOTE-2006-070, CERN (Geneva, 2006).
9. Y. Bai, J. L. Hewett, J. Kaplan and T. G. Rizzo, LHC Predictions from a
Tevatron Anomaly in the Top Quark Forward-Backward Asymmetry, JHEP
1103, p. 003 (2011).
10. U. Haisch and S. Westhoff, Massive Color-Octet Bosons: Bounds on Effects in
Top-Quark Pair Production, JHEP 1108, p. 088 (2011).
11. R. M. Harris and K. Kousouris, Searches for Dijet Resonances at Hadron Col-
liders, Int.J.Mod.Phys. A26, 5005 (2011).
12. E. H. Simmons, Coloron phenomenology, Phys.Rev. D55, 1678 (1997).
13. R. Chivukula, A. G. Cohen and E. H. Simmons, New strong interactions at the
Tevatron?, Phys.Lett. B380, 92 (1996).
14. U. Baur, M. Spira and P. M. Zerwas, Excited Quark and Lepton Production
at Hadron Colliders, Phys. Rev. D42, 815 (1990).
15. U. Baur, I. Hinchliffe and D. Zeppenfeld, Excited Quark Production at Hadron
Colliders, Int. J. Mod. Phys. A2, p. 1285 (1987).
16. T. Han, I. Lewis and Z. Liu, Colored Resonant Signals at the LHC: Largest
Rate and Simplest Topology, JHEP 1012, p. 085 (2010).
17. G. Aad et al., Search for new phenomena in the dijet mass distribution using
p− p collision data at √s = 8 TeV with the ATLAS detector, Phys. Rev. D91,
p. 052007 (2015).
18. C. T. Hill, Topcolor: Top quark condensation in a gauge extension of the
standard model, Phys.Lett. B266, 419 (1991).
19. P. H. Frampton and S. L. Glashow, Chiral Color: An Alternative to the Stan-
dard Model, Phys.Lett. B190, p. 157 (1987).
20. M. V. Martynov and A. D. Smirnov, Chiral color symmetry and possible G-
prime-boson effects at the Tevatron and LHC, Mod. Phys. Lett. A24, 1897
(2009).
21. R. S. Chivukula, E. H. Simmons and N. Vignaroli, Same-Sign Dileptons from
Colored Scalars in the Flavorful Top-Coloron Model, Phys.Rev. D88, p. 034006
(2013).
22. Y. Bai and B. A. Dobrescu, Heavy octets and Tevatron signals with three or
four b jets, JHEP 07, p. 100 (2011).
23. F. Yu, Di-jet resonances at future hadron colliders: A Snowmass whitepaper
(2013).
24. B. A. Dobrescu and F. Yu, Coupling-mass mapping of dijet peak searches,
Phys.Rev. D88, p. 035021 (2013).
25. H.-L. Lai, M. Guzzi, J. Huston, Z. Li, P. M. Nadolsky et al., New parton
distributions for collider physics, Phys.Rev. D82, p. 074024 (2010).
